26 A fundamental characteristic of eukaryotic organisms is the generation of genetic 27 variation via sexual reproduction. Conversely, significant large-scale genome structure variations 28 could hamper sexual reproduction, causing reproductive isolation and promote speciation. The 29 underlying processes behind large-scale genome rearrangements are not well understood and 30 include chromosome translocations involving centromeres. Recent genomic studies in the 31
Introduction 45 Chromosomes are prone to undergo several rearrangement events, including fusion, 46 fission, deletion, and segmental duplication. In some cases, one chromosome segment is 47 Illumina sequencing, and chromoblot analysis, we were able to assemble the genomes of isolates 140 VYD135 and VYD136 to the chromosome level ( Fig. 1D ). This analysis also revealed that the 141 duplicated arm of chromosome 13 of isolate VYD136 exists as an isochromosome with two 142 broken centromeres fused with each other. Overall, these results show that multiple breaks at 143 centromeres can lead to karyotype shuffling in C. neoformans that is tolerated by the organism. 146 No species in the Cryptococcus species complex has been observed to harbor 147 chromosomes smaller than 500 kb. However, genome-level assemblies of VYD135 and 148 VYD136 revealed the presence of 2 to 3 chromosomes that are shorter than the shortest naturally 149 occurring chromosome of wild-type H99 (chromosome 13 of 757 kb length). Bands of the 150 expected size for these chromosomes were observed in PFGE, indicating that these 151 chromosomes are bona fide and not a result of assembly error ( Fig. 2A ). In addition to these 152 small chromosomes, a few novel features were observed for the genomes of VYD135 and 153 VYD136. Three of the new chromosomes had generated de novo telomere sequences on one of 154 the ends, next to the broken centromeres (chromosomes 13 and 15 of VYD135; chromosome 13 155 of VYD136) ( Fig. 2B, and Fig. S4A ). While in two cases, the telomere repeat sequences were 156 8 present next to the Tcn2 elements, in the third multiple copies of the Cas9 sequence were found 157 to be inserted between the Tcn2 element and telomere repeat sequences (Chr15 of VYD135). 158 Our analysis of these regions did not reveal any common motif as the most likely target for the 159 de novo telomere addition. While one (Chr13 of VYD135) of the de novo additions was preceded 160 by a sequence similar to that of a telomere repeat (Table S1) , the other two telomeres did not 161 show such a feature. This suggests that the addition of telomere repeat sequences may randomly 162 occur on broken chromosome ends. 163 Centromere locations in these two genome assemblies were defined based on synteny 164 with centromere flanking regions (Table S2 ). Specifically, BLASTn analysis with centromere-165 flanking ORF sequences as query sequences were used to identify the syntenic regions defining 166 the boundary for centromeres. Next, Tcn elements (Tcn1-6) were mapped across centromeres of 167 the new strains, VYD135 and VYD136. Surprisingly, foreign DNA elements, such as Cas9 and 168 neomycin resistance gene sequence, were found to have integrated into multiple centromeres 169 ( Fig. 2C and 2D ). Both of these sequences were introduced as linear DNA molecules during the 170 CRISPR transformation experiment. In some cases, Cas9 and the neomycin gene sequences were 171 present in multiple copies and in a random order/orientation. Further analysis revealed that these 172 elements were present at the junction where two parental centromeres fused with each other. 173 This result suggests that these foreign sequences may have assisted in joining the broken 174 centromeres to form hybrid centromeres. Previous studies in S. cerevisiae observed similar 175 events where the Ty1 retrotransposon cDNA sequence was found to be present at DNA break 176 sites (27, 28) . 177 A comparison of centromere length between H99, VYD135, and VYD136 revealed the 178 presence of some significantly shorter and longer centromeres (16-83 kb versus 31-64 kb in H99) 179 9 in both of these new strains (Fig. S4B and Table S2 ). However, the variation in centromere 180 length did not seem to confer a visible growth defect indicating no change in centromere 181 function due to a decrease or increase of length ( Fig. S5A ). These strains also did not show any 182 difference when tested for various stress conditions such as temperature, fluconazole, or DNA 183 damaging agent like Phleomycin (Fig. S5A ). When grown with another strain expressing NAT 184 resistant gene, to test competitive fitness, both VYD135 and VYD136 did not show any 185 significant difference as compared to wild-type H99 (Fig. S5B ). Additionally, these two strains 186 do not exhibit any difference in virulence in the Galleria model of infection (29) ( Fig. S5C ).
Centromere breaks generate new telomeres and increase the number of chromosomes

187
Both VYD135 and VYD136 lead to lethal infection of Galleria with the same efficiency as the 188 wild-type H99α and KN99a isolates. Taken together, these results suggest that the changes in 189 chromosome structure do not grossly affect mitotic fitness or infectivity of C. neoformans. 190 191 Chromosome shuffling is driven by the Cas9 induced breaks 192 Isolates VYD135 and VYD136 show inter-chromosomal rearrangements between seven 193 and eight chromosomes, respectively. The rearrangements in the two strains are not identical, 194 although they do involve the same set of chromosomes, suggesting that both of these strains 195 underwent recombination via different routes ( Fig. 3A and 3B ). Next, the breakpoints in each of 196 the centromeres were defined by mapping nanopore reads to the wild-type genome. One caveat 197 is that long reads from nanopore sequencing might not align precisely with the parental 198 centromere sequence due to the loss of regions of the original sequence. Many reads were found 199 to be mapped to a single location next to the gRNA cleavage site in almost all of the centromeres 200 that underwent recombination ( Fig. 3C and Fig. S6 ). In a few cases, the reads did not map to the 201 cleavage site flanking sequences suggesting deletions occurred during recombination. This loss 202 of sequence is prominent in centromeres with three or more cleavage sites (CEN10 in Fig. 3C ).
203
This mapping pattern suggests these non-essential, small fragments were lost, and their loss does 204 not compromise centromere function. Interestingly, among the chromosomes that contain Tcn2 205 elements and could be targeted by Cas9 with the Tcn2-specific gRNA, chromosome 11 was not 206 found to be involved in recombination in either of the two strains, even though CEN11 is 207 predicted to be cleaved once. It is possible that the gRNA cleavage site prediction for CEN11 208 could be a result of an incorrect genome assembly or sequence error. Overall, this analysis 209 supports that recombination was initiated by the Cas9 DSBs. Also, that centromeres lacking 210 Tcn2 elements were not involved in recombination reflects the specificity of Cas9 and the repair 211 machinery.
213
Multiple types of repair machinery were involved in the DSB repair process 214 Next, the new centromere sequences were compared with the original centromeres in a 215 pairwise fashion to understand the repair process ( Fig. 4 and Fig. S7 ). For this purpose, we 216 utilized our newly generated assembly of the wild-type strain, which showed better coverage for 217 centromere sequences (See Materials and Methods for details). This analysis provides evidence 218 that both NHEJ and HR pathways participated in the repair of these broken ends. Insertion of the 219 CAS9 sequence and the NEO gene sequence conferring G418 resistance seems to be the result of 220 DSB repair via NHEJ in all cases as there was no additional sequence added between the ends of 221 the breaks (Fig. 4B , 4F, and Fig. S7D, S7E ). The presence of these DNA fragments in multiple 222 copies, due to transformation, might have facilitated their insertion. Additionally, CEN12 of 223 VYD136 results from a single fusion event between wild-type CEN8 and CEN14 after the DNA 224 breaks ( Fig. S7A ). For CEN14 of VYD135, a sequence of 2.7 kb aligned with both parental 225 11 centromeres suggesting that the hybrid centromere formed as a result of homologous 226 recombination ( Fig. 4A ). CEN8 of VYD135 exhibited evidence for repair via multiple 227 mechanisms, including NHEJ, HR, and invasion into multiple different centromeres ( Fig. 4C ).
228
Because all of the sequences involved have a Tcn2 sequence at the ends, it is not possible to infer 229 the order of these events.
230
A comparison of wild-type CEN7 and VYD135 CEN11 shows evidence of resection 231 beyond the DSB sites ( Fig. 4E ). Resection was probably followed by strand invasion into broken 232 pieces of CEN7 that were released due to multiple DSBs, and a final fusion event with CEN8 233 leading to the formation of hybrid centromeres. Similarly, CEN13 of VYD136 seems to have 234 arisen as a result of resection followed by invasion into multiple centromeres before adding 235 telomere sequences at the end (Fig. S7A ). In addition to these multiple recombination events at 236 these junctions, we also observed inversion events for sequences that were released due to 237 multiple DSBs in a single centromere (CEN15 of VYD135) ( Fig. 4F ). On the other hand, the 238 inversion in VYD135 CEN13 has signatures of invasion into another intact copy of CEN13, 239 resulting in the inversion (Fig. 4A ).
240
Apart from inter-chromosome recombination, we also observed intra-chromosomal 241 recombination in CEN12 of VYD135. Wild type CEN12 has two cleavage sites separated by a 10 242 kb sequence. In VYD135, CEN12 is smaller due to the absence of the 10 kb sequence, and two 243 flanking sequences were joined with an overlap of 640 bp (Fig. 4G ). This event also led to a 244 reduction in centromere length for CEN12, shortening it significantly (21 kb versus 31 kb in the 245 wild type). Combined, these results suggest that both HR and NHEJ processes repair DSBs at the 246 centromeres. Given the high level of identity shared between Tcn2 elements present among 247 multiple centromeres, other plausible routes to these rearrangements are possible. 250 Chromosome shuffled strains, VYD135 and VYD136, exhibit multiple chromosomal 251 translocations compared to the wild-type karyotype, as described above. We hypothesized that 252 this would lead to incompatibility during meiosis and defects in producing viable spores. To 253 study this, the two shuffled strains were crossed with the wild-type strain, KN99a, which is the relative chromosome copy number for the three progeny was determined from read counts 287 after Illumina and nanopore sequencing, revealing that they are aneuploid for multiple 288 chromosomes ( Fig. 6C ). P1 and P2 are both aneuploid for parts of chromosomes 5, 12, 13, and 289 14, whereas P2 is also aneuploid for the entire chromosome 6. The third progeny (P3) also 290 showed aneuploidy but only for the shorter arms of chromosomes 12 and 13.
Strains with chromosomal rearrangements fail to undergo normal meiosis
291
These three F1 progeny were backcrossed to both parents (VYD136 and KN99a) and the 292 wild-type H99α. All three progeny mated with strains of opposite mating type, as expected.
293 Surprisingly, spore dissections from these crosses revealed a much higher spore germination rate 294 14 for the three progeny (11 to 58%) as compared to their parental cross (3% germination rate) ( Fig.   295 6A). P1 and P2 exhibited a much higher (>50%) germination rate for all crosses as compared to 296 P3, which showed 11 and 21% germination rates. The segmental aneuploidy of these isolates 297 may explain their higher germination rate compared to the parent VYD136.
298
The presence of copy number changes for only one arm of most chromosomes suggested 299 these progeny may have a mixed karyotype. To address this, genomes for the three progeny were 300 assembled using nanopore sequencing. Due to aneuploidy, these genomes were not assembled 301 completely and harbored multiple breaks ( Fig. S8A and S8B ). However, based on their ploidy 302 profiles, mapping of nanopore reads, as well as synteny comparison with both parents, their 303 genome configurations were largely resolved (Fig. 6D ). The final karyotype shows that most Recent studies have suggested that centromeres can undergo recombination, at least 334 mitotic recombination, as compared to previous models in which centromeres were recalcitrant 335 to recombination (22, 35-40). Our results further support that centromeres can undergo 336 recombination when DSBs are generated in these regions. Each of the broken ends was 337 processed and subjected to HR or NHEJ mediated repair and recombination. We also observed a 338 case where a centromere, following the generation of DSBs, recombined, causing the loss of 339 intermediate DNA sequences present between the two ends. In similar events, many fragments of 340 centromere sequences were either lost or fused within other centromeres, altering the architecture 341 of centromeres in this species (Fig. 7G ). This result suggests that variation in centromere 342 structure is not critical for centromere function, but might play some other role in genome 343 organization. This conclusion is also supported by a previous study that showed a significant Interestingly, we also observed the addition of de novo telomere repeat sequences 352 adjacent to the broken centromeres. While the mechanism underlying this process remains to be 353 elucidated, the frequency of occurrence of de novo telomere addition seems to be high at ~10% repaired. De novo telomere addition in S. cerevisiae was shown to be influenced by the presence 363 of telomere-like sequences at the broken DNA end. We found a similar scenario only in one of 364 the three de novo telomeres formed, suggesting that the mechanism might differ in C. 365 neoformans. In our study, we did not observe a significant impact of the loss of centromere 366 sequences on the growth of the chromosomal shuffled strains as compared to the parental strain.
367
This could suggest that shorter centromere sequences are sufficient to propagate the genome 368 content. Furthermore, de novo telomere formation next to centromeres did not seem to have an 369 effect on their functions suggesting that centromeres and telomeres do not influence each other's 370 function in C. neoformans, similar to telocentric/acrocentric chromosomes found in other 371 organisms.
372
Repair of a DSB site is a complex process and involves multiple repair machineries 373 including HR and NHEJ. HR mainly takes place during S-phase, whereas NHEJ occurs 374 throughout the cell cycle (52, 53). HR mainly leads to gene conversion and can also drive 375 recombination between repetitive sequences leading to translocation. NHEJ is more error-prone 376 and can join any two sites resulting in translocations. Thus, both of these processes can lead to 377 translocations but can result in very different types of junctions (8, 54). Our analysis of junctions 378 exhibited evidence for both HR and NHEJ. Previous reports suggested that the NHEJ pathway is 379 preferred over HR in the case of multiple DSBs (14, 15). Although the number is small, our 380 results suggest that both of these pathways might take place at a similar rate in C. neoformans. 381 However, the underlying regulatory mechanisms remain a subject for further investigation. 382 We also observed the inversion of sequences suggesting either strand invasion or simple 383 fusion of a broken piece in reverse order by NHEJ. Our analysis also suggests the occurrence of In our experiments, we observed that similar events take place during DSBs repair (Step 3 in Fig.   407 7G). The connection between these processes needs to be further explored to establish whether 408 our system can be extended to understand chromothripsis. 409 Our approach induced multiple simultaneous breaks in the genome, which were then 410 repaired to generate chromosome shuffling. Centromeres are known to cluster in C. neoformans 411 during mitosis (62, 63), and this may have promoted their interaction during the DSB repair 412 events that generated these alterations. This centromere clustering in C. neoformans also mimics 413 the clustering of DSB sites observed during the process of chromothripsis. We posit our 414 approach could provide answers to critical questions regarding chromothripsis. The MIR 415 pathway has been implicated as one pathway contributing to chromothripsis (6, 57). In our study, 416 we also found evidence that the MIR pathway contributes to chromosome shuffling, further 417 suggesting similarities between chromothripsis and the events we observed. Notably, 418 chromothripsis is mainly observed in chromosome arms, whereas centromeres were targeted in 419 our studies (13). However, some studies have indicated an association between chromothripsis 420 break sites and the presence of transposon sequences (11, 64, 65). In our approach, the breaks 421 were also located within transposon sequences, which are part of the centromeres. Thus, 422 understanding the factors governing this process in C. neoformans could also shed light on facets 423 of chromothripsis. 424 Chromosome rearrangements have been implicated in speciation, acting via reducing 425 fertility or gene flow in the progeny that inherit the translocation (66-69). However, most models 426 proposing speciation in this manner also consider geographical isolation as other major criteria 427 (16). Our results, along with other studies, support this line of thought and suggest that 428 chromosome rearrangements followed by geographical isolation can drive speciation (66, 70-72).
429
Other models consider chromosome rearrangement as an effect of speciation, which happens as a Schizosaccharomyces pombe. The S. cerevisiae sensu stricto group has been the subject of such 433 studies over a long time period (73). A common approach has been to isolate viable hybrids 434 between these species and then to study sporulation of these hybrids. These studies have 435 suggested a role for three factors in the poor spore viability of hybrids: genetic incompatibilities, 436 sequence divergence affecting mismatch repair system, and chromosome rearrangements (71, selection of transformants. MS media was used for all the mating assays, which were performed 493 as described previously (26). Basidia specific spore dissections were performed after two weeks 494 of mating, and the spore germination rate was scored after four days of dissection. All strains 495 used in this study are listed in Table S3 .
497
Genome assembly and synteny comparison 498 The C. neoformans H99 genome was reassembled with Canu v1.7 based on previously 499 published PacBio and Illumina data to obtain a better resolution of the centromeric regions (see 500   Table S4 and S5 for details) (21, 22, 88). The resulting draft assembly was improved by 501 correcting errors using five rounds of Pilon (v1.22) polishing ('--fix all' setting) and the Illumina 502 reads mapped to the respective assemblies by the use of BWA-MEM (v0.7.17-r1188) (89, 90).
503
Centromere locations were mapped based on BLAST analysis with centromere flanking genes, 504 and coordinates for these new locations are provided in Table S1 . Because some of the 505 centromere lengths differed in the new assembly as compared to the previous one, we validated 506 the new centromere lengths by mapping the Canu-corrected PacBio read using Minimap2, 507 followed by visual inspection in IGV (91). Because our work involved analysis of centromere 508 sequences, we utilized this new improved assembly as the reference for all of our analyses. Once 509 the locations were mapped, we oriented all of the chromosomes such that the longer arm (q arm) 510 begins the chromosome, and the smaller arm (p arm) is the distal part of the chromosome.
511
De novo genome assemblies for the VYD135 and VYD136 isolates, and progeny (P1, P2, 512 and P3) were generated with Canu using Oxford Nanopore reads > 2 kb (see Table S4 and S5 for 
